The simple decoding method we have proposed for shortrange multiple-input multiple-output (SR-MIMO) transmission is a promising means for reducing power consumption. The method performs MIMO detection with analog devices, thus reducing the number of quantization bits required in the analog-to-digital converter (ADC) of the receiver and the amount of signal processing calculation for MIMO detection. However, when the method is applied to a wall transmissive wireless repeater on a multilayered wall, the transmission performance degrades due to multipath generated by the multilayered structure. In this letter, we evaluate the method's performance using data for a millimeter wave propagation channel that we measured from wall samples and the measured S-parameters of the method's analog circuit. As a result, we quantify the influence of multipath generated by a wall's multilayered structure on transmission performance.
Introduction
In our research, we have focused on short-range multiple-input multipleoutput (SR-MIMO) transmission, which performs MIMO transmission by utilizing the length differences in the propagation channels between facing transmitting (Tx) and receiving (Rx) array antenna elements in short range wireless communications [1, 2] . An SR-MIMO transmission application we consider is a wall transmissive wireless repeater that is installed on both sides of a wall [3] . The repeater enables high speed data transmission to be performed through the wall from one room to another. We have proposed a simple decoding method [4] for SR-MIMO transmission that can perform MIMO detection with low power consumption. This method enables spatial multiplexed signals to be separated in radio frequency (RF) band with analog devices. When it is applied to a multilayered partition wall in an ordinary house [5, 6], reflected waves occurring at the boundary surface may pose a problem. Rx antenna elements receive not only direct waves but also delayed waves due to the reflection. Multipath degrades the simple decoding method's performance but the influence of multipath on the method has not been reported yet. In this letter, we evaluate the method's performance using data for a millimeter wave propagation channel that we measured from multilayered wall samples and the measured S-parameters of the method's analog circuit (hereafter "the simple decoding circuit"). As a result, we quantify the degree to which the multipath inside a wall degrades the performance.
SR-MIMO transmission through a wall

Simple decoding method for SR-MIMO
When the number of Tx and Rx antenna elements is increased in case of general MIMO detection methods using digital signal processing, the number of quantization bits required in the analog-to-digital converter (ADC) of the receiver and the amount of signal processing calculation are increased, and as a result the power consumption is increased [7] . On the other hand, the simple decoding method [4] enables MIMO detection to be performed in RF band with an analog circuit. This solves the aforementioned problems so that MIMO detection with low power consumption can be expected. Figure 1 shows a 2 × 2 SR-MIMO transmission model using the simple decoding method, which has two Tx and two Rx antenna elements. Here, h ij (i and j: positive integers less than or equal to 2) denotes the propagation channel component comprising the direct waves from the j-th Tx antenna element to the i-th Rx antenna element. In SR-MIMO transmission, there is an optimum array antenna's element spacing d that maximizes the channel capacity for a certain transmission distance D [8]. A 2 × 2 channel matrix with optimum element spacing is approximated by Eq. (1).
where α is a real constant that depends on the radiation characteristic of the antenna element, the transmission distance, etc. α is defined by Eq. (2) .
As shown in Eq. (1), the phase difference
. In this case, the zero forcing (ZF) weight matrix for MIMO detection is approximated by Eq. (3).
As shown in Fig. 1 , the weight matrix W is easily constructed using analog devices such as a 90-degree phase shifter, attenuator, and divider. In the attenuators, the signals are attenuated as a function of α. When two signals 
Substituting Eq. (1) and Eq. (3) into this equation confirms that full-rank MIMO transmission can be achieved.
2.2 Influence of multipath generated inside a wall on simple decoding method's performance A wall transmissive wireless repeater we have proposed performs high speed data transmission through a wall from one room to another. However, a problem may occur when applying the simple decoding method to the repeater on a partition wall in an ordinary house, since such walls usually have a multilayered structure [5, 6] . In such cases, when the signals transmitted by the Tx antenna elements of the repeater propagate toward the Rx antenna elements installed on the opposite side of the wall, some of the signals are transmitted through the boundary surfaces of the multiple layers and the others are reflected at the boundary surfaces. Thus, the Rx antenna elements receive direct waves that arrive after being transmitted through the layer's boundary surfaces and delayed waves that arrive while repeating the reflection and transmission occurring at the boundary surfaces. The combination of direct and delayed waves may cause amplitude and phase errors to occur in the optimum propagation channel (shown in Eq. (1)), and these errors would degrade the simple decoding method's MIMO signal separation performance. There is a possibility that the application of the SR-MIMO simple decoding method on the wall transmissive wireless repeater is difficult depending on the degree of the influence of the delayed waves. Figure 2 shows the structures of the walls we used to measure the propagation channels. The layer structure and thickness are the same as those of a partition wall in an ordinary house [5, 6]. As shown in Fig. 2 (a) , Plasterboard wall A comprises plasterboard (regular type, Yoshino Gypsum Co., Ltd.) layers of 12.5 mm thickness placed on either side of a layer of air and light-gauge steel (LGS) of 65.0 mm thickness. As shown in Fig. 2 (b) , Plasterboard wall B comprises two plasterboard (regular type, Yoshino Gypsum Co., Ltd.) layers of 12.5 mm thickness placed on either side of a layer of air and LGS of 65.0 mm thickness. As shown in Fig. 2 (c) , the ALC wall comprises autoclaved lightweight concrete (ALC) panels (flat panel, Asahi Kasei Construction Materials Corp.) of 37.0 mm thickness placed on either side of a layer of air and wooden frames of 65.0 mm thickness. We installed horn antennas (SGH-15-RP000, Millitech Inc.) across these walls and then measured a 2 × 2 MIMO channel at 1.76 GHz bandwidth and 62.64 GHz center frequency with a network analyzer. The measurements were performed by installing the Tx and Rx antenna elements in a position where there were no wooden frames or LGS between them. For comparison, we also measured the propagation channel through air only, with Tx-to-Rx distance of 139 mm (the same as the ALC wall thickness). In each measurement (for Plasterboard wall A, Plasterboard wall B, ALC wall, and air), element spacing was adjusted so that the phase difference θ H = −90 • at the center frequency.
Performance evaluation
Measurement of MIMO channels through a wall
Performance evaluation using measured MIMO channel data
We evaluated the 2 × 2 SR-MIMO transmission performance by computer simulation using the measured channel data and the measured S-parameters of the simple decoding circuit. The first modulation scheme is QPSK or 16 QAM or 64 QAM and the second is orthogonal frequency division multiplexing (OFDM). In accordance with IEEE 802.11ad standard [10], center frequency is 62.64 GHz, subcarrier spacing is 5.16 MHz, and the number of subcarrier is 336. The S-parameters of the simple decoding circuit we used are the characteristics measured at the same relative bandwidth at 4.85 GHz center frequency as a scale model of the millimeter-wave band. Figures 3 (a) , (b) and (c) show the bit error rate (BER) performance of the simple decoding method. The target BER before error correction is less than 10 −2 (BER < 10 −2 ), which becomes error-free when low-density parity-check (LDPC) codes are used as error correction codes. As shown in Figs. 3 (a), (b) and (c) , the required signal-to-noise ratio (SNR) for each first modulation scheme to satisfy BER < 10 −2 for Plasterboard wall A is increased by 1 dB for QPSK and 2 dB for 16 QAM as compared with the case of air only. We confirmed that the BER for 64 QAM does not become less than 10 −2 and found that the required SNR for Plasterboard wall B increases very little for QPSK and 16 QAM and is increased by 1 dB for 64 QAM. Furthermore, the required SNR for the ALC wall is increased by 1 dB for QPSK and 16 QAM and by 5 dB for 64 QAM. Figure 3 (d) shows the cumulative distribution function (CDF) of the signal-to-interference ratio (SIR) of the subcarriers for Plaster- board wall A and B. The SIR is calculated by using the measured channel data and ideal simple decoding method's weight that does not have amplitude and phase errors to evaluate the influence of the channel. For comparison, the CDF of the SIR calculated by using a 2 × 2 MIMO channel generated by a ray-tracing method is also shown. We consider up to two reflections from the boundary surfaces. Plasterboard's dielectric constant used in simulation is 2.50 − j0.03 [11] . Because the amplitude and phase errors of the propagation channel increase as the influence of multipath inside a wall increases, the desired signals are not combined in same phase at the output of the simple decoding circuit shown in Fig. 1 and the interference signals remain without being combined in opposite phase. As a result, SIR degrades. Comparing the CDF of the SIR for Plasterboard wall A with that for Plasterboard wall B, we can see that the proportion of subcarriers with high SIR is higher for Plasterboard wall B and the influence of multipath is smaller in both measurement and simulation. This is because the dielectric part made of plasterboard for Plasterboard wall B is thicker than that for Plasterboard wall A and therefore the power ratio of the direct waves to the delayed waves becomes larger. Plasterboard is a non-uniform material within which bubbles are contained. It is assumed that the SIR values in measurement are lower than the values in simulation because they are influenced by not only the reflected waves at the boundary surfaces which are considered in simulation but also the reflected waves from the bubbles.
Conclusion
Using the measured channel data and the measured S-parameters of the simple decoding circuit, we quantified the influence of multipath inside a wall, which are a factor in performance degradation when the SR-MIMO simple decoding method we proposed is applied to a wall transmissive wireless repeater on a multilayered wall. We measured MIMO channels for four different cases: two types of plasterboard walls (A and B), an ALC wall, and air only with no walls. For Plasterboard wall A we found that the required SNR to satisfy BER < 10 −2 increases by 1 dB for QPSK and by 2 dB for 16 QAM as compared with the case of air only, and that the BER for 64 QAM does not become less than 10 −2 . For Plasterboard wall B we found that the required SNR increases very little for QPSK and 16 QAM and by 1 dB for 64 QAM.
For the ALC wall we found that the required SNR increases by 1 dB for QPSK and 16 QAM and by 5 dB for 64 QAM.
